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Vertically aligned ZnO nanorod array (NRA)-based ultraviolet (UV) photodetectors (PDs) were successfully fabricated and
optimized via a facile hydrothermal process. Using a shadow mask technique, the thin ZnO seed layer was deposited
between the patterned Au/Ti electrodes to bridge the electrodes. Thus, both the Au electrodes could be connected
by the ZnO seed layer. As the sample was immersed into growth solution and heated at 90 °C, the ZnO NRAs were
crystallized and vertically grown on the ZnO seed layer, thus creating a metal-semiconductor-metal PD structure. To
investigate the size effect of ZnO NRAs on photocurrent, the PDs were readily prepared with different concentrations
of growth solution. For the ZnO NRAs grown at 25 mM of concentration, the PD with 10 μm of channel width (i.e., gap
distance between two electrodes) exhibited a high photocurrent of 1.91 × 10−4 A at an applied bias of 10 V under
365 nm of UV light illumination. The PD was optimized by adjusting the channel width. For 15 μm of channel width,
a relatively high photocurrent on-off ratio of 37.4 and good current transient characteristics were observed at the same
applied bias. These results are expected to be useful for cost-effective and practical UV PD applications.
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Zinc oxide (ZnO) nanorod array (NRA)-based photo-
detectors (PDs) are alternative ultraviolet (UV) sensors
because they have several advantages such as wide
direct band gap (3.37 eV) and large surface area [1–3].
Compared to conventional ZnO thin-film UV PDs, it
has been revealed that the nanostructured ZnO UV
PDs can offer higher photocurrents [4–6]. In particular,
one-dimensional (1D) ZnO nanostructures such as nano-
wires and nanorods have exhibited many advantages
including large surface to volume ratio, high quantum
efficiency, and direct pathway of charge transport [7, 8].
Furthermore, the reduced dimensionality enhances carrier
lifetime and photoresponse properties [9]. Currently, the
most popular approach for the fabrication is based on a
metal-semiconductor-metal (MSM) structure by direct
growth of lateral ZnO NRAs because the MSM photo-
detector is simple for easy fabrication and compatible* Correspondence: jsyu@khu.ac.kr
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However, there are still technical difficulties for practical
fabrication processes of PDs. In order to grow ZnO
NRAs as an active channel between electrodes, the ZnO
seed layer should be selectively etched after photo-
lithography process. Although the ZnO nanorods are
easily grown by chemical synthesis methods, it requires
many procedures for exposing the selective ZnO seed
surface.
On the other hand, hydrothermal synthesis has been
considered as one of the promising methods for growing
1D ZnO nanostructures because it allows relatively low
temperature (75–90 °C) and scalable manufacturing process
[14–16]. Especially, this process is highly practical for
various applications including field-effect transistors, solar
cells, UV PDs, and piezoelectric devices [17–19]. By emer-
ging the ZnO seed layer-coated substrates into aqueous
solution, the ZnO NRAs are grown selectively on the seed
layer, which enables to fabricate various device structures
for specific device applications [20, 21]. In this letter,
we demonstrated a facile fabrication and optimization
of ZnO NRA-based MSM UV PDs by a hydrothermaldistributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and
e appropriate credit to the original author(s) and the source, provide a link to
changes were made.
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using a shadow mask, the active channel for PDs was
directly formed for the device fabrication. As compared
with previous works of vertically aligned ZnO NRA-
based UV PDs, this is a relatively convenient and con-
trollable fabrication approach.
Methods
Figure 1 displays the schematic diagram for the fabrication
procedure of ZnO NRA-based MSM UV PDs: (a) selective
exposure between two electrodes by a shadow mask, (b)
deposition of the ZnO seed layer, and (c) hydrothermal
growth of ZnO NRAs on the ZnO seed layer. First, we
patterned Ti/Au electrodes on the SiO2-coated Si sub-
strate. The Ti (5 nm) and Au (300 nm) films were depos-
ited by e-beam evaporation, and the patterns were
transferred by conventional photolithography and lift-off
processes. After that, the sample was covered by the
shadow mask during the radio frequency (RF) magnetron
sputtering process. For the deposition of 50-nm-thick
ZnO film, the RF magnetron sputtering was carried out at
6 mTorr of process pressure and 100 W of RF power
under Ar environment. As depicted in Fig. 1a, the opened
region in the shadow mask could be covered manually
between the patterned electrodes under microscope
observation. Then, to grow the ZnO NRAs, the ZnO seed
layer-coated electrodes were immersed into the aqueous
growth solution. Here, the growth solution was prepared
by dissolving zinc nitrate hexahydrate and hexamethylene-
tetramine with equimolar concentrations (5–50 mM) in
200 mL of de-ionized (DI) water at room temperature. For
obtaining a homogeneous solution, it was stirred with aFig. 1 Schematic diagram. Fabrication of ZnO NRA-based MSM UV PDs: a s
deposition of the ZnO seed layer, and c hydrothermal growth of ZnO NRAmagnetic bar for 2 h. After immersing the sample, it was
placed into an oven at 90 °C for 5 h. Finally, the sample
was carefully pulled out and dried by flowing DI water.
To characterize the morphological and crystal properties,
a field-emission scanning electron microscope (FE-SEM)
(LEO SUPRA 55, Carl Zeiss, Germany) and an X-ray
diffractometer (XRD) (Mac Science, M18XHF-SRA) were
utilized. For photoresponse characteristics of the ZnO
NRA-based UV PDs, the photocurrent was measured by
using a semiconductor characterization system (Keithley
4200) under 2.8 mW/cm2 of illumination using a 365-nm
UV light-emitting diode.
Results and Discussion
Figure 2a shows the photographic and FE-SEM images of
the vertically aligned ZnO NRAs on the gap between the
Au/Ti electrodes. For hydrothermal synthesis, the growth
solution was prepared with 25 mM of concentration. The
Au/Ti electrodes were connected by the selective pat-
terned ZnO thin film which acts as a seed layer for
growing ZnO nanostructures. Typically, the ZnO nuclei
are formed at the surface of seed layer, and the Zn(OH)2
nanorods grow in a perpendicular direction with reaction
of hydroxide ions and zinc ions. After dehydration in air,
Zn(OH)2 is naturally transformed into ZnO. As shown in
the top-view FE-SEM image, the ZnO nanorods were
densely distributed between the two electrodes.
Figure 2b shows the XRD patterns of ZnO NRAs in
the device structure. According to the standard JCPDS
card no. 89-1397, the ZnO XRD peaks are in good
agreement with a hexagonal wurtzite crystal structure.
Among the ZnO XRD peaks, the dominant (002) peakelective exposure between two electrodes by a shadow mask, b
s on the ZnO seed layer
Fig. 2 FE-SEM, XRD, and I-V curves. a Photographic and FE-SEM image of the ZnO NRAs between Au/Ti electrodes, b corresponding XRD patterns,
and c measured I-V curves of the ZnO seed between the electrodes with and without ZnO NRAs at dark and under illumination of 365 nm light
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NRAs were grown and crystallized along the direction of
the c-axis in the crystal structure. From the metal
electrodes, the Au (111) XRD peak also appeared. To
examine the photocurrent of the ZnO NRAs in this
structure, the measured current-voltage (I-V) curves were
compared, as shown in Fig. 2c, for the same channel width
(i.e., gap distance between two electrodes) of 10 μm. With-
out ZnO NRAs, the ZnO seed layer between the two elec-
trodes did not sufficiently generate a photocurrent. In
contrast, the ZnO NRA-based PD exhibited a large photo-
current under the light illumination of 365 nm. In this
condition, the device exhibited an on-off ratio of 25.3 at
5 V of bias voltage and a high photocurrent of 1.91 × 10−4
A at 10 V. As well-known in previous works [22], the
photocurrent is attributed to the photogenerated electron-
hole pairs in ZnO NRAs. Among them, the holes intend
to be captured with trap levels at the surface of ZnO
NRAs, and thereby the electrodes mainly contribute to
enhancing the photocurrent. Here, the concentration ofgrowth solution is closely related with the morphology of
ZnO NRAs because it determines their size and height.
In order to investigate the morphology-dependent device
characteristics of PDs, we prepared the ZnO NRAs grown
at different solution concentrations. Figure 3a shows the
cross-sectional views of FE-SEM images for the ZnO NRAs
grown at (i) 5 mM, (ii) 25 mM, and (iii) 50 mM. As the
solution concentration increased, the diameter and height of
ZnO NRAs increased gradually because more Zn ions were
diffused to the ZnO nuclei, thus forming ZnO nanorods. At
5 and 25 mM, the diameters/heights of ZnO nanorods were
~30/573 nm and ~45/1350 nm, respectively. However, the
diameter of ZnO nanorods was largely increased at 50 mM
while the height was relatively less increased. This result can
be explained by the fact that the excessive concentration of
growth solution leads to a high growth rate of facets due to
the induced isotropic growth of ZnO nanorods [23]. As
shown in Fig. 3b, the measured photocurrents of the corre-
sponding samples are compared under the same illumin-
ation condition with a fixed channel width of 10 μm. At
Fig. 3 Morphology-dependent device characteristics of PD. a Cross-sectional views of FE-SEM images of the grown ZnO NRAs at different solution
concentrations: (i) 5 mM, (ii) 25 mM, and (iii) 50 mM and b measured I-V curves of the corresponding samples at dark and under light illumination
of 365 nm
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10 V of bias voltage, the photocurrents of 1.34 × 10−4,
1.91 × 10−4, and 1.04 × 10−4 A were obtained at solution
concentrations of 5, 25, and 50 mM, respectively. As
observed in the FE-SEM images of Fig. 3a, the surface areaFig. 4 Absorption properties of ZnO NRAs. a Schematic diagram of ZnO N
functions of diameter/height of the ZnO NRAsof ZnO NRAs is closely associated with the amount of
generated photocurrent. The large size of ZnO nanorods at
50 mM reduces the surface area, which mainly results in
the degradation of photocurrent due to the relatively low
generation of electron-hole pairs. Also, the somewhatRAs for RCWA calculation and b color-coded absorption map as
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ence the reduction of photocurrent [24].
Figure 4a shows the schematic diagram for investigating
absorption properties of various ZnO NRAs using a
rigorous coupled wave analysis (RCWA) simulation. For
approximation, we assumed that the vertical ZnO nano-
rods are periodically aligned on the ZnO seed-coated SiO2
insulation layer, where Px and Py are the periods along x
and y directions. At 365 nm of incident light, the complex
refractive index of ZnO nanorods is considered to be 2.1 +
i0.5 [25]. To set the distribution of ZnO NRAs with diam-
eter (W) and height (H), the density (D) is defined by W2/
PxPy. Figure 4b displays the color-coded absorption map as
functions of diameter/height of the ZnO NRAs. Here, D is
fixed to 0.7 and Px equals Py. As W decreased or HFig. 5 Influence of Wch and photoresponse characteristics. a Measured I-V
of 5, 15, and 30 μm and b photoresponse characteristics of the ZnO NRA-b
of light illumination. The inset of a also shows the photocurrent on-off ratioincreased, the absorption gradually increased from 91 to
93.5 %. For three different ZnO NRAs grown at (i) 5 mM,
(ii) 25 mM, and (iii) 50 mM, the corresponding absorptions
are marked in the map regarding their morphological
properties by the SEM images. The ZnO NRAs grown at
25 mM exhibited a relatively high absorption of 93.4 %
owing to multiple scattering of small-size and long ZnO
nanorods [26]. In contrast, the ZnO NRAs grown at 5 and
50 mM have the lower absorptions of 92.8 and 91.3 %,
respectively. This absorption trend of ZnO NRAs well
agrees with the device characteristics of PD in Fig. 3b.
Additionally, the performance of ZnO NRA-based PDs
is influenced by the channel width (Wch). Figure 5a shows
the measured I-V curves of the ZnO NRA-based PDs
grown at 25 mM with different Wch of 5, 15, and 30 μm.curves of the ZnO NRA-based PDs grown at 25 mM with different Wch
ased PDs grown at 25 mM with Wch of 15 μm under on/off switching
with different Wch from 5 to 30 μm
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because the area of active region for absorbing the UV
light and generating the photocurrent was increased.
However, the dark current increased with the increase of
Wch, which is a negative factor for the photocurrent on-
off ratio. In fact, this dark current is mainly caused by the
leakage of thermal noise from ZnO NRAs [27]. Indeed,
this dark current originated from the thermally excited
carriers in the active channel [28]. At room temperature,
the thermal energy would excite the electrons from trap
levels of ZnO NRAs to the conduction band and they are
driven by an electrical potential. As Wch increased, there-
fore, the dark current was enlarged by increasing the ther-
mally excited carriers. This phenomenon was observed in
the previous study of the channel length effect on dark
current [29]. However, the photocurrent also increases
with the increase of Wch because the increased active area
generates more electron-hole pairs. Therefore, Wch was in
a trade-off relationship with the photocurrent on-off ratio.
As shown in the inset of Fig. 4a, the photocurrent on-off
ratio was varied by changing the Wch. For Wch = 15 μm, a
high photocurrent on-off ratio of 37.4 was observed at 5 V
of bias voltage. Above 20 μm, the photocurrent on-off
ratio was gradually decreased because the dark current
was more increased than the photocurrent with increase
of the area of active region. Figure 5b shows the photo-
response characteristics of the ZnO NRA-based PDs
grown at 25 mM with Wch = 15 μm under on/off switch-
ing of light illumination. For positive and negative bias
voltages, the symmetric photoresponse curves were clearly
observed due to the structural property of the MSM
device. Also, the device exhibited a slow decay process in
typical transient curves of ZnO PDs. In fact, the re-
adsorption of oxygen and water molecules occurs at ZnO,
which interrupts electron-hole pair recombination. It is
well known that the transient photocurrent in the ZnO
material is attributed to the slow adsorption process
[30, 31]. Prior to UV illumination, ambient oxygen mole-
cules are adsorbed into the surface of ZnO nanorods and
captured with pre-existing electrons in ZnO nanorods,
which ionizes the adsorbed oxygen to O−2. After UV illu-
mination, these ions are combined with photogenerated
holes and the oxygen is desorbed at the surface of ZnO
nanorods. This oxygen-related hole trap state mainly
causes long recombination time, thus leading to the slow
photoresponse [32, 33]. At 10 V, the proper photoresponse
property was achieved with a reset time (i.e., current recover
to e−1) of 26.1 s with a high photocurrent of 3.93 × 10−4 A.
Conclusions
The ZnO NRA-based MSM PDs were facilely fabricated
by the shadow mask technique and hydrothermal process.
The selective deposition of ZnO seed layer offered a con-
venient and controllable fabrication method. For theoptimization, the ZnO NRA-based PDs were prepared and
characterized by changing the growth condition of ZnO
nanorods and the Wch. For 15 μm of Wch, the ZnO NRAs
grown at 25 mM exhibited a relatively high photocurrent
on-off ratio of 37.4 in typical transient characteristics.
These results can provide a deep insight into the simple
fabrication for practical and efficient UV PD applications.
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